Previous studies have shown that T cell receptor (TCR) and CD28 coreceptor stimulation involves rapid ATP release, autocrine purinergic feedback via P2X receptors, and mitochondrial ATP synthesis that promote T cell activation. Here, we show that ADP formation and autocrine stimulation of P2Y1 receptors are also involved in these purinergic signaling mechanisms. Primary human CD4 T cells and the human Jurkat CD4 T cell line express P2Y1 receptors. The expression of this receptor increases following T cell stimulation. Inhibition of P2Y1 receptors impairs the activation of mitochondria, as assessed by mitochondrial Ca 2+ uptake, and reduces cytosolic Ca 2+ signaling in response to TCR/CD28 stimulation. We found that the addition of exogenous ADP or overexpression of P2Y1 receptors significantly increased IL-2 mRNA transcription in response to TCR/ CD28 stimulation. Conversely, antagonists or silencing of P2Y1 receptors reduced IL-2 mRNA transcription and attenuated T cell functions. We conclude that P2Y1 and P2X receptors have non-redundant, synergistic functions in the regulation of T cell activation. P2Y1 receptors may represent potential therapeutic targets to modulate T cell function in inflammation and host defense.
Introduction
Extracellular ATP is an important regulator of immune cells [1] [2] [3] . T cells respond to the ligation of their T cell receptors (TCR) and CD28 coreceptors with rapid release of ATP into the extracellular space [4] . The released ATP stimulates purinergic receptors that contribute to T cell activation by amplifying TCR/CD28 signaling at the immune synapse [4] [5] [6] . The purinergic receptor family comprises three major subgroups: (1) four P1 receptors that are G protein-coupled receptors and respond to the ATP breakdown product adenosine; (2) eight P2Y receptors that are also G protein-coupled receptors and bind to ATP, ADP, and other nucleotides; and (3) seven P2X receptors that respond to ATP and act as ATPgated Ca 2+ channels [7] [8] [9] . Stimulated T cells release ATP via pannexin-1 (panx1) channels, resulting in the activation of P2X1, P2X4, and P2X7 receptors that facilitate cellular Ca 2+ influx, which promotes downstream signal transduction pathways that lead to IL-2 expression and T cell proliferation [4, 5] . During T cell activation panx1 channels, P2X1 and P2X4 receptors, and mitochondria accumulate at the immune synapse that forms between T cells and antigen-presenting cells (APCs) [6, 10] . Mitochondria are responsible for the production of the ATP that is released from T cells in response to TCR/CD28 stimulation [11] . The accumulation of mitochondria, panx1, and P2X receptors at the immune synapse triggers localized Ca 2+ influx that further stimulates mitochondria and propagates cell signaling pathways in response to TCR/CD28 activation [6, 11] .
However, ATP that is released into the extracellular space can also be hydrolyzed to ADP, AMP, and adenosine by a Tobias Woehrle and Carola Ledderose contributed equally to this work.
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The online version of this article (https://doi.org/10.1007/s11302-019-09653-6) contains supplementary material, which is available to authorized users. number of ectonucleotidases that are expressed on the cell surface of virtually all mammalian cell types, including T cells [12] . In T cells, ADP formed by these ectonucleotidases may activate specific P2Y receptors that preferably bind to ADP [13] . While the contributions of ATP and P2X receptors to T cell activation have been extensively studied, little is known about whether and how ADP-selective P2Y receptors are involved in the regulation of T cells. Here, we show that P2Y1 receptors are abundantly expressed ADP receptors in CD4 T cells and that T cell stimulation leads to an increase in extracellular ADP that stimulates P2Y1 receptors. We show that this ADP-mediated autocrine feedback mechanism contributes to T cell activation and the functional T cell responses induced by TCR/CD28 stimulation. We conclude that P2Y1 receptors work in synergy with P2X receptors in the regulation of T cell activation.
Materials and methods

Reagents
Rabbit p44/42 MAPK (ERK1/2) and phospho-p44/42 MAPK (pERK1/2; Thr202/Tyr204) antibodies were from Cell Signaling Technology (Beverly, MA, USA). Rabbit P2Y1 (Cat. # APR-021) and P2Y12 (Cat. # APR-020) antibodies recognizing extracellular epitopes of human P2Y1 and P2Y12 receptors, respectively, were purchased from Alomone Labs (Jerusalem, Israel). Secondary phycoerythrin (PE)-or DyLight 488-labeled donkey anti-rabbit antibodies (clone: Poly4064) were from Biolegend (San Diego, CA). Mouse anti-human CD3 (clone: HIT3a) and anti-CD28 antibodies (clone: CD28.2) were from BD Biosciences (San Jose, CA), and goat anti-mouse IgG Fc antibodies were from Pierce (Thermo Fisher Scientific). Fluo-4 AM was purchased from Molecular Probes (Thermo Fisher Scientific, Waltham, MA). 5-BDBD, MRS2279, and 2-methylthioadenosine diphosphate trisodium salt (Me-S-ADP) were purchased from Tocris Bioscience (R&D Systems, Minneapolis, MI). All other reagents were from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Cell isolation and cell culture
All studies involving human subjects were approved by the Institutional Review Board of Beth Israel Deaconess Medical Center, and written informed consent was obtained prior to blood draws. Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood of healthy volunteers by density gradient centrifugation (Ficoll-Paque Plus, GE Healthcare, Pittsburgh, PA), and CD4 T cells were purified from PBMCs using CD4 T cell isolation kits according to the manufacturer's instructions (Miltenyi Biotec, San Diego, CA). Purified CD4 T cells were suspended in RPMI-1640 medium (ATCC, Mannassas, VA) supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA) and maintained at 37°C in 5% CO 2 in a humidified atmosphere. For some experiments, CD4 T cells were expanded by incubation for 6 days in the presence of 30 U/ml interleukin-2 (Roche, Mannheim, Germany) and human T-activator CD3/CD28 Dynabeads (Thermo Fisher Scientific) at a cell to bead ratio of 1:1. Jurkat T cells (clone E6-1; ATCC, Manassas, VA) were maintained in fully supplemented cell culture medium at 37°C and 5% CO 2 .
Jurkat cell transfection
Transfections were carried out by electroporation using a Neon transfection system (Invitrogen, Thermo Fisher Scientific). Jurkat cells were transfected with 10 μg plasmid DNA or 100 nM siRNA, transferred to antibiotic-free cell culture medium, and cultured for 48 h if not stated otherwise.
Extracellular nucleotides
To assess the release of nucleotides in response to T cell stimulation, purified CD4 T cells (5 × 10 5 in 500 μl of cell culture medium) were stimulated with anti-CD3/CD28 antibodycoated Dynabeads at a bead-to-cell ratio of 1:1. The capability of CD4 T cells to hydrolyze ATP or ADP was tested by incubating cells (5 × 10 5 ) with 6 μM ATP or ADP. Reactions were stopped at the indicated times by placing samples in an ice water bath. Cell-free supernatants were harvested by centrifugation using a cooled microcentrifuge and stabilized with 0.4 M perchloric acid. Concentrations of ATP and its breakdown products in cell culture supernatants or plasma samples were determined by high-performance liquid chromatography (HPLC) as previously described [14] .
Real-time quantitative PCR (qPCR)
IL-2 mRNA levels were measured by qPCR in Jurkat or primary T cells (5 × 10 5 ) stimulated for 4 h with anti-CD3/CD28 antibody-coated microbeads in the presence or absence of receptor agonists or antagonists as indicated. Total RNA was extracted using the RNAqueous RNA extraction kit (Ambion, Austin, TX) according to the manufacturer's instructions. cDNA was synthesized from equal amounts of total RNA using Superscript III reverse transcriptase, oligo(dT), and random hexamer primers (Invitrogen, Thermo Fisher Scientific). qPCR was performed on a LightCycler 480 instrument (Roche Diagnostics, Mannheim, Germany) using LightCycler 480 Probes Master and RealTime ready single assays (Roche Diagnostics) for IL-2 (Assay 100958), succinate dehydrogenase complex, subunit A (SDHA; assay ID 102136), and TATA box binding protein (TBP; assay ID 101145). IL-2 expression was normalized against SDHA and TBP expression. P2X1, P2X4, P2X7, P2Y1, P2Y12, and P2Y13 receptor mRNA levels were determined in primary CD4 T cells or Jurkat cells using prevalidated QuantiTect primer assays (Qiagen, Valencia, CA), iQTM SYBR® Green supermix (Bio-Rad, Hercules, CA) and a Mastercycler® ep realplex instrument (Eppendorf, Hamburg, Germany). Receptor expression was normalized to β-actin, and the comparative C t method was used for relative quantification of gene expression.
Flow cytometry
Flow cytometry was used to assess the surface expression of P2Y1 and P2Y12 receptors in freshly isolated CD4 T cells or in CD4 T cells stimulated for 72 h with anti-CD3/CD28 antibody-coated microbeads. Briefly, 5 × 10 5 T cells were stained in a total volume of 100 μl containing 1.6 μg of primary antibodies or appropriate isotype controls for 1 h on ice. Cells were washed and incubated with PE-labeled secondary antibodies (1:500) for 15 min. Samples were analyzed with an Attune® Acoustic Focusing Cytometer and Attune® Cytometric Software (Applied Biosystems, Beverly, MA).
P2Y1 receptor silencing
Pre-designed validated siRNA targeting the P2Y1 receptor and a nonsense control siRNA were purchased from Ambion (Thermo Fisher Scientific). Successful knockdown was confirmed by qPCR. Transfection efficiency was tested using a Cy3-conjugated nonsense siRNA (Ambion) and found to be > 90%.
P2Y1 receptor overexpression
P2Y1 receptor cDNA (NM_002563.2) was amplified from cDNA of a healthy donor by PCR using the following primers: P2Y1 sense: 5′-GAA TTC GCC ACC ATG ACC GAG GTC TGT G-3′ and P2Y1 antisense: 5′-TCT AGA TCA CAG GCT TGT ATC TCC-3′. The primers introduce an EcoRI restriction site upstream of the start codon and a XbaI restriction site at the 3′-end. PCR products and the pCMV-XL5 vector (OriGene Technologies, Rockville, MD) were digested, purified, and ligated together. As a negative control, the multiple cloning site was removed from the pCMV-XL-5 vector by digesting the plasmid with EcoRI. Plasmids were transformed into SoloPack competent cells (StrataClone, Thermo Fisher Scientific) and screened, and correct orientation and sequence of the insert were confirmed by DNA sequencing (Eurofins Genomics, Germany). P2Y1 receptor overexpression was confirmed by qPCR.
Immunocytochemistry
Jurkat cells were placed into fibronectin-coated glass bottom chamber slides (Lab-Tek, Rochester, NY), and non-adherent cells were removed by carefully washing the wells with cell culture medium. Cells were reconstituted in fully supplemented culture medium and incubated in the presence or absence of anti-CD3/CD28 antibody-coated microbeads for up to 30 min at 37°C and 5% CO 2 . Cells were fixed with 4% paraformaldehyde in PBS for 10 min, incubated with blocking buffer (1% BSA and 0.3 M glycine in PBS) for 1 h, and stained with antibodies (1:100) directed against extracellular epitopes of human P2Y1 or P2Y12 receptors (Alomone Labs) overnight. Cells were washed and incubated with DyLight488-labeled secondary antibodies (1:2000; Biolegend) for 1 h, and receptor expression was assessed with a Leica DMI6000B inverted fluorescence microscope (Leica Microsystems, Wetzlar, Germany) using a fluorescein isothiocyanate (FITC) filter set, a ×100 oil objective (numerical aperture [NA] 1.3), and a Leica DFC365 FX camera. Cells that were stained with secondary antibodies only were included as negative controls to verify specific binding.
Imaging of cytosolic and mitochondrial Ca 2+
To assess cytosolic Ca 2+ levels, CD4 T cells were loaded with Fluo-4 AM (4 μM) for 20 min at 37°C. Changes in mitochondrial Ca 2+ were studied in Jurkat cells expressing the mitochondrial Ca 2+ biosensor mito-CAR-GECO1 (#46022, Addgene, Cambridge, MA) [15] . Cells were placed into fibronectin-coated 8-well glass bottom dishes. Fluorescence live-cell imaging was performed with the Leica DMI6000B microscope described above equipped with a temperaturecontrolled (37°C) stage incubator (Ibidi, Fitchburg, WI). Cells were pretreated for 10 min with P2 receptor inhibitors as indicated and stimulated with anti-CD3, anti-CD28, and anti-mouse IgG antibodies (0.5 μg/ml each) to induce TCR/ CD28 cross-linking, and changes in cytosolic and mitochondrial Ca 2+ levels were recorded. Fluorescence images were captured at a frame rate of 60 frames per minute through a × 6 3 o i l o b j e c t i v e ( N A 1 . 4 ) u s i n g F I T C a n d tetram ethylrodamine (TRITC) filter sets (Leica Microsystems) and LeicaLAS microscope imaging software. Images were analyzed with ImageJ software (National Institutes of Health).
Immunoblotting
Immunoblotting was performed as previously described [6] . P2Y1 and P2Y12 receptor expression was analyzed in CD4 T cells before and after stimulating cells for 72 h with anti-CD3/ CD28 antibody-coated beads. Mouse anti-β-actin antibodies (Sigma-Aldrich) were used as a loading control. ERK 1/2 MAPK activation was assessed using antibodies that recognize the phosphorylated forms of ERK1/2 (Thr202/Tyr204). Total ERK 1/2 MAPKs served as loading controls (Cell Signaling Technology, Beverly, MA, USA).
Statistical analysis
Unless otherwise indicated, data are presented as mean ± standard deviation (SD) . Differences between groups were tested for statistical significance using the two-tailed unpaired Student's t test or the Mann-Whitney test depending on whether data were normally distributed or not. For multiple comparisons, one-way analysis of variance (ANOVA) followed by post hoc Holm-Sidak's test were used. Differences were considered statistically significant at p < 0.05.
Results
T cell stimulation triggers rapid ATP release and the accumulation of extracellular ATP, ADP, and AMP
Previous work has shown that TCR/CD28 stimulation of CD4 T cells causes rapid cellular ATP release [4, 5, 11] . We showed that the released ATP binds primarily to P2X1 and P2X4 receptors that accumulate at the immune synapse where ATP facilitates localized Ca 2+ influx that promotes T cell activation [6] . However, CD4 T cells also express ectonucleotidases including ectonucleoside triphosphate diphosphohydrolases (ENTPD) 1 and ENTPD2, also known as CD39 and CD39L1, respectively, which convert extracellular ATP to ADP and AMP [12, 16, 17] . In the current study, we used HPLC analysis to study the kinetics of the release of ATP from stimulated T cells and of the conversion of released ATP to ADP, AMP, and adenosine. In agreement with previous reports, we found that TCR/CD28 stimulation caused rapid ATP release from purified human CD4 T cells (Fig. 1a) . We found that extracellular ATP concentrations rose more than tenfold above baseline levels and that this increase in extracellular ATP was accompanied by a concomitant increase in extracellular ADP and AMP concentrations. These findings suggest that a portion of the released ATP is rapidly hydrolyzed to ADP and AMP by ectonucleotidases (Fig. 1a) . This possibility is supported by our finding that unstimulated primary CD4 T cells and the human CD4 Jurkat T cell line (data not shown) were able to rapidly convert exogenously added ATP to ADP, AMP, as well as adenosine (Fig. 1b) . CD4 T cells were also able to hydrolyze exogenously added ADP, converting nearly 50% of extracellular ADP to AMP and adenosine in less than 1 h (Fig. 1c) . We found that peripheral plasma of healthy human subjects contains high levels of ADP that average 260 nM. ADP levels were on average eight times higher than the corresponding ATP levels in those plasma samples (Fig. 1d) . Average adenosine levels were similar to those of ADP, but the individual adenosine concentrations differed considerably from subject to subject. Taken together, these findings indicate that stimulation of T cells via TCR/CD28 causes rapid ATP release and that extracellular ATP is converted to ADP that accumulates together with adenosine in the plasma of healthy human subjects.
CD4 T cells express ATP and ADP receptors
We have previously shown that ATP regulates the functions of CD4 T cells by stimulating P2X1, P2X4, and P2X7 receptors [4, 6] . Among these ATP selective P2 receptors, P2X4 receptors are abundantly expressed in CD4 T cells and have particularly important roles in the regulation of T cell migration, immune synapse formation, and T cell activation [6, 18] . Of the nineteen known P2 receptors, several members are known to respond to ADP, including P2Y1, P2Y12, and P2Y13 receptors [8, 19] . Therefore, we examined the expression of these P2Y receptors in CD4 T cells. Using qPCR analysis, we found that primary human CD4 T cells and Jurkat T cells express mRNA encoding P2Y1 and P2Y12 receptors in addition to P2X1, P2X4, and P2X7 receptors (Fig. 2a) . P2Y12 mRNA expression levels were lower than those of P2Y1. Because P2Y13 receptor expression was barely detectable in primary CD4 T cells and Jurkat cells, we focused on P2Y1 and P2Y12 receptors. Immunoblot analysis of P2Y1 and P2Y12 receptor expression in primary CD4 T cells revealed strong expression of P2Y1 but weak expression of P2Y12 receptors (Fig. 2b) . Analyzing CD4 T cells before and after stimulation via TCR/CD28 showed that P2Y1 receptor expression levels increased markedly within 48 h after cell stimulation (Fig. 2b) . By contrast, P2Y12 receptor expression levels were barely detectable in unstimulated CD4 T cells and there was no detectable increase in expression levels in response to TCR/CD28 stimulation (Fig. 2b) .
These findings were paralleled by results obtained with flow cytometric analyses. P2Y1 and P2Y12 receptor expression on the cell surface of primary human CD4 T cells was analyzed before or 72 h after stimulation via TCR/CD28. We found that about 60% of all unstimulated CD4 T cells expressed P2Y1 receptors, while only 40% of cells were modestly positive for P2Y12 receptors (Fig. 2c, d ). The expression of P2Y1 receptors increased significantly 72 h after TCR/ CD28 stimulation, while little change in P2Y12 receptor expression was noted (Fig. 2d) .
Finally, we used fluorescence microscopy to examine the expression and distribution of P2Y1 and P2Y12 receptors on the cell surface of Jurkat cells. We found that both receptors are present on the cell surface, but that the expression of P2Y1 receptors was more pronounced than that of P2Y12 receptors (Fig. 2e) . Moreover, P2Y1 but not P2Y12 receptors translocated to the immune synapse that was formed by stimulation of cells with anti-CD3/CD28 antibody-coated beads. Taken together, these findings demonstrate that CD4 T cells express ADP-sensitive P2Y1 receptors, suggesting that P2Y1 receptors work hand-in-hand with P2X receptors as components of the purinergic signaling mechanism that regulates T cell activation.
P2Y1 and P2X4 receptors contribute to Ca
2+ signaling in response to T cell stimulation P2X4 receptors act as ATP-gated Ca 2+ channels that facilitate Ca 2+ influx following T cell stimulation [6, 9, 18] . By contrast, P2Y1 receptors are G protein-coupled receptors that signal through G q /G 11 [20] . Thus, P2X4 and P2Y1 receptors are expected to regulate T cell activation through modulation of intracellular Ca 2+ levels and associated signaling pathways. We used live-cell imaging and the fluorescent Ca 2+ probe Fluo-4-AM to study the roles of P2X4 and P2Y1 receptors in the Ca 2+ signaling response of primary human CD4 T cells following TCR/ CD28 stimulation. We found that inhibition of P2X4 receptors with the specific antagonist 5-BDBD virtually completely abolished Ca 2+ signaling in response to TCR/CD28 stimulation (Fig. 3a) . Pretreatment with the non-specific P2 receptor antagonist suramin also markedly reduced Ca 2+ signaling (Fig. 3b-c) . Inhibition of P2Y1 receptors with the selective antagonist MRS2279 decreased Ca 2+ signaling and delayed the peak of cytosolic Ca 2+ levels by about 2 min when compared with control cells. These data demonstrate that ATP release and autocrine stimulation of P2X4 and P2Y1 receptors contributes to the Ca 2+ signaling response that regulates T cell activation following TCR/CD28 stimulation. each at a final concentration of 6 μM was added to primary human CD4 T cells, and hydrolytic breakdown was monitored over time. Data shown (a-c) are means ± SD of n = 3 experiments with different cell preparations. d Human plasma from healthy subjects contains high levels of ADP. Plasma samples were collected from healthy human subjects, and the concentrations of ATP, ADP, AMP, and adenosine were determined with HPLC. Data shown are means ± SEM (n = 9) P2Y1 and P2X4 receptors regulate mitochondrial Ca 2+ uptake in stimulated T cells
Mitochondria generate the ATP that T cells release in response to TCR/CD28 or chemokine receptor stimulation [11, 18] . The production of ATP occurs through oxidative phosphorylation in mitochondria, which requires the uptake of Ca 2+ by mitochondria [21, 22] . Because P2X receptors function as ATP-gated Ca 2+ channels, their stimulation by ATP facilitates cellular Ca 2+ influx that delivers the Ca 2+ that is needed by mitochondria to generate ATP [11, 23, 24] . Recently, we have shown that P2X4 receptors of T cells have a prominent role in facilitating mitochondrial Ca 2+ uptake in response to stimulation of the chemokine receptor CXCR4 by SDF-1α [18] . The findings shown above indicate that P2X4 receptors are essential for the increase in intracellular Ca 2+ following TCR/CD28 stimulation and that P2Y1 receptors also contribute to T cell activation. Therefore, we studied how P2X4 and P2Y1 receptors contribute to mitochondrial Ca 2+ uptake in response to TCR/CD28 stimulation using Jurkat T cells that were transfected to express the 2+ indicator mito-CAR-GECO1 [15] . TCR/CD28 stimulation triggered a sharp increase in mitochondrial Ca 2+ uptake that was nearly completely abolished by pretreatment of Jurkat cells with the P2X4 receptor antagonists 5-BDBD (Fig. 4) . Inhibition of P2 receptors with suramin and of P2Y1 receptors with MRS2279 markedly blunted mitochondrial Ca 2+ uptake in response to TCR/CD28 stimulation (Fig. 4b, c) . Taken together, these results indicate that P2X4 and P2Y1 receptors work in synergy to regulate mitochondrial Ca 2+ uptake following TCR/CD28 stimulation.
P2Y1 receptors promote IL-2 expression in response to TCR/CD28 stimulation
Activation of MAPK signaling is involved in IL-2 expression and T cell proliferation [25] . Pretreatment of CD4 T cells with the P2Y1 receptor antagonist MRS2279 reduced the phosphorylation of the ERK1/2 MAPK in response to T cell stimulation (Fig. 5a ). These findings suggest that autocrine stimulation of P2Y1 receptors is involved in T cell activation by contributing to ERK1/2 MAPK activation. 
experiments). c Peak mitochondrial Ca
2+ levels following TCR/CD28 stimulation; mean ± SEM; *p < 0.05 vs. control, one-way ANOVA IL-2 production is a key event in the signaling cascade that leads to T cell proliferation [26] . Treatment of Jurkat cells with exogenous ADP at concentrations ranging from 5 to 15 μM increased IL-2 mRNA expression in response to TCR/CD28 stimulation (Fig. 5b) . At higher concentrations, ADP lost its costimulatory effect, possibly due to increased formation of adenosine. Treatment of Jurkat cells or primary human CD4 T cells with the P2Y1 receptor antagonist MRS2279 dosedependently reduced IL-2 mRNA expression in response to TCR/CD28 stimulation (Fig. 5b, c) . Treating T cells with the stable ADP analogs ADPβS or Me-S-ADP also significantly increased IL-2 mRNA expression of TCR/ CD28-stimulated Jurkat cells and of primary human CD4 T cells (Fig. 5c) . Silencing of P2Y1 receptors reduced IL-2 mRNA expression in response to cell stimulation. Conversely, overexpression of P2Y1 receptors increased IL-2 mRNA expression (Fig. 5d) .
Taken together, our results demonstrate that extracellular ADP and autocrine as well as paracrine stimulation of P2Y1 receptors act in synergy with ATP and P2X receptors to promote cell activation and to regulate the functional T cell responses involved in inflammation and host defense. Jurkat cells were transfected with siRNA to silence P2Y1 receptor expression (n = 6) or with an expression plasmid to overexpress P2Y1 receptors (n = 9). Then, cells were stimulated with anti-CD3/CD28 antibody-coated beads, and IL-2 mRNA transcription was measured after 4 h (mean ± SD; *p < 0.05, one-way ANOVA)
Discussion
The concentration of extracellular nucleotides is a function of cellular ATP release, ATP hydrolysis, and cellular reuptake of ATP breakdown products. These processes are thought to maintain low extracellular nucleotide levels that prevent uncontrolled purinergic signaling [27] . Unstimulated T cells release low levels of ATP that fuels autocrine signaling mechanisms that involve P2X1 receptors and maintain a basal metabolic activity profile that enables immune surveillance of T cells [24] . We have shown that mitochondria deliver the ATP that is required for this process and that mitochondrial dysfunction in sepsis patients impairs T cell responses [11, 24] . When T cells are stimulated by chemokines or antigens, they rapidly upregulate cell metabolism by increasing mitochondrial ATP synthesis through mechanisms that involve autocrine stimulation of P2X4 receptors. P2X4 receptors colocalize with mitochondria to deliver Ca 2+ ions that mitochondria need to increase their metabolic rate [18] .
In order to respond to antigens, T cells form an immune synapse with APCs, which facilitates intercellular communications of T cells and APCs. This immune synapse is the physical location at which complex purinergic signaling processes take place that orchestrate TCR/CD28 receptor stimulation and facilitate intercellular communication between T cells and APCs. Panx1, P2X4 receptors, and activated mitochondria converge at the immune synapse, where these signaling components promote mitochondrial metabolism and T cell activation [6, 11] . Panx1-mediated ATP release and synchronized P2X4 receptor-mediated Ca 2+ influx upregulate purinergic signaling to the level necessary for successful TCR/CD28 stimulation and the induction of functional T cell responses [4] [5] [6] .
Compared with resting T cells, activated T cells have significantly higher energy demands that are satisfied by rapid upregulation of ATP synthesis and ultimately by a metabolic switch from mitochondrial ATP synthesis to glycolytic ATP production [28, 29] . We and others have demonstrated that autocrine feedback through P2X1, P2X4, and P2X7 receptors is needed for the transition of T cells from their resting states to fully activated effector T cells that contribute to inflammation and host defense.
Our current data show, to our knowledge for the first time, that the ATP breakdown product ADP and autocrine feedback via P2Y1 receptors are also required for T cell activation. We propose that ADP is generated from released ATP by ectonucleotidases that are present on the cell surface of T cells. However, we cannot exclude the possibility that ADP is directly released from stimulated T cells as was previously proposed for hepatic cells [30] . Either way, our findings show that stimulation of P2Y1 receptors participates in the autocrine purinergic signaling mechanisms that ramp up mitochondrial ATP production and cytosolic Ca 2+ signaling in response to TCR/CD28 stimulation (Fig. 6) . P2Y1 receptors are G q/11 coupled receptors known to stimulate the release of Ca 2+ from intracellular stores, whereas P2X4 receptors promote Ca concentrations. Increased mitochondrial activity, P2X4 and P2Y1 receptor Ca2+ signaling increases ATP release and fuel an autocrine feed-forward signaling mechanism that enhances T cell activation, and subsequent downstream signaling pathways that culminate in IL-2 transcription and effector functions involved in inflammation and host defense influx from the extracellular space [8, 9] . The finding that blockade of either P2Y1 or P2X4 receptors downregulates mitochondrial Ca 2+ uptake and cytosolic Ca 2+ signaling suggests that both these P2 receptor subtypes have non-redundant functions in T cell activation and that their combined actions are necessary to define the downstream signaling events that regulate IL-2 production, T cell activation, and other cellular processes that are involved in immune defense.
P2Y1, P2Y12, and P2Y13 receptors are designated ADP receptors [19] . However, we did not detect any P2Y13 receptor mRNA transcripts in primary CD4 T cells and only negligible expression levels in Jurkat T cells. Although P2Y12 receptor mRNA was present in CD4 T cells, protein expression levels were considerably lower when compared to P2Y1 receptors. These findings suggest that P2Y1 receptors are the primary ADP receptor subtype that is expressed in CD4 T cells. In addition to regulating IL-2 expression, P2Y1 receptors may also regulate T cell migration as suggested by the finding that inhibition of P2Y1 receptors reduced the motility of effector T cells (Supplemental Fig. 1 and video 1) .
While little is known about their functions in T cells, P2Y1 and P2Y12 receptors have well-known roles in platelet activation [31, 32] . Both receptors promote platelet aggregation and P2Y12 receptors are the primary targets of modern antithrombotic therapies [33, 34] . However, P2Y1 and P2Y12 receptors may also have pro-inflammatory effects that are unrelated to platelet activation [35] [36] [37] [38] . We show that P2Y1 receptors contribute to T cell activation, suggesting that antiplatelet drugs could influence T cell activation, which may ameliorate inflammatory processes but may also attenuate T cell-mediated immune defenses. This notion is supported by findings that P2Y1 receptor deletion prevents atherosclerosisassociated vascular inflammation [39, 40] .
We conclude that ADP and ATP receptors jointly regulate the purinergic signaling mechanism that control T cell activation and that P2X4 and P2Y1 receptors have prominent roles in these processes. P2Y1 receptors may represent potential therapeutic targets to modulate inflammation and T cell function in inflammatory and infectious diseases. However, more work is needed to fully define how P2Y1 receptors regulate CD4 T cells and the other T cell subsets involved in inflammatory diseases and host defense.
